Purpose: We explored normal diameter values of the cochlear (CN) and facial (FN) nerves on 3-dimensional constructive interference in steady state (3D-CISS) using a 3-tesla magnetic resonance (MR) imaging scanner.
Introduction
Nerves become swollen or atrophic in such speciˆc clinical settings as sensorineural hearing loss or facial palsy. [1] [2] [3] [4] [5] [6] [7] Some studies have compared cochlear nerve (CN) diameters between normal and hearing-impaired ears on 3-dimensional constructive interference in steady state (3D-CISS). 8, 9 This method re‰ects liquid T 2 /T 1 contrast, 10 is useful for examining the anatomy of cerebrospinal or labyrinthine ‰uid space, and is frequently used in clinical settings. The approach used to study the CN could be applied to examine the facial nerve (FN), which is located in the internal auditory canal (IAC) together with the CN.
Establishing the normal values of the nerve diameters on 3D-CISS will be important for further research to clarify pathological conditions or consolidate the diagnosis of disorders of the CN or FN. Several studies have reported the normative diameters of CN or FN on magnetic resonance (MR) imaging. 8, 9, 11, 12 However, to the best of our knowledge, no study has reported normal diameters of both the CN and FN on 3D-CISS at 3 tesla. Therefore, we evaluated the normal diameter values of the CN and FN using 3D-CISS on a 3T MR imaging scanner.
Materials and Methods

Study population
We retrospectively examined 3D-CISS images of the inner ear taken on the same MR imaging scanner at our hospital from June 2008 to March 2011. We examined 172 ears from 142 patients. Table 1 lists patient characteristics. We excluded hearingimpaired ears or ears with a history of facial palsy on the ipsilateral side. Normal hearing ears were deˆned as those having 6-frequency average of pure-tone audiometry (PTA) at 250, 500, 1000, 2000, 4000, and 8000 Hzº25 dB. All patients had records of PTA within 3 months of MR imaging examinations. We retrieved histories of facial palsy from the electronic medical record system. The Ethics Review Committee of our institution approved the retrospective study, and informed consent was waived.
MR imaging protocol
All scans were performed on a 3T MR imaging scanner (Magnetom Trio; Siemens AG, Erlangen, Germany) using a 32-channel receive-only phasedarray head coil. Parameters for 3D-CISS were: repetition time (TR), 6.4 ms; echo time (TE), 3.2 ms; ‰ip angle, 509 ; matrix size, 256×256; 128 axial, 0.4-mm-thick sections;ˆeld of view (FOV), 140 ×140 mm; voxel size, 0.5×0.5×0.4 mm; number of excitations (NEX), one; scan time, 5 min 8 s; and readout bandwidth, 543 Hz/pixel.
Phantom experiment
To evaluate the reliability of the measured length on the reconstructed image from axial 3D-CISS images, we made a cranial nerve phantom and conducted a preliminary experiment (Fig. 1A) . We built the phantom using nylonˆshing lines of 12 diŠerent sizes (Ginrin, Torin; Toray Monoˆlament, Okazaki, Japan) as a substitute for the cranial nerves, 10 wooden blocks (30×30×30 mm), a polypropylene container (130×180×70 mm), and tap water. The mean diameters of the 12ˆshing lines were 0.520, 0.620, 0.700, 0.810, 0.910, 1.050, 1.170, 1.280, 1.480, 1.570, 1.810, and 2.030 mm. After waiting for the air bubbles around theˆshing lines to dissipate, we took 3D-CISS images under the same conditions as those of the inner ear clinical study. We analyzed images on a picture archive and communications system (PACS) workstation (Rapid Eye Station; Toshiba Medical Systems, Otawara, Japan). We reconstructed sagittal images of 0.5-mm thickness perpendicular to theˆshing lines from axial 3D-CISS images (Fig. 1B) . Two independent radiologists measured the long (LD) and short (SD) diameters of theˆshing lines and calculated the cross-sectional area (CSA; CSA＝p[LD /2] [SD/2]) on the sagittal images at the middle of the lines. Diameters were measured with precision of 0.1 mm on the image magniˆed with bilinear interpolation. The nerve boundary was deˆned at the level of 50z intensity between minimum (nerve) and maximum (cerebrospinal ‰uid).
Clinical MR imaging evaluation
We analyzed images on the PACS workstation. First, one radiologist drew a straight line passing through the modiolus and the point at which the vestibulocochlear nerve enters the pons ( Fig. 2A) . Then, 0.5-mm thick parasagittal images perpendicular to these lines were reconstructed and saved for each ear. A few days after the reconstruction, 2 independent radiologists blinded to patient information measured the LD and SD of the CN and FN on the parasagittal images in the same way as in the phantom experiment (Fig. 2B) . Measurement was performed at the slice nearest the fundus of the R. Nakamichi et al.
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IAC where the margin of the CN or FN could be identiˆed. CSAs were also calculated for each nerve.
Statistical analysis
For the phantom experiment, we adopted the CSA in the evaluation to reduce the eŠects of deformation of lines or distortion of images. We used Pearson's correlation coe‹cient to evaluate the correlations between the CSA calculated from the actual mean diameter and that calculated on the sagittal MR images for each observer as well as to assess interobserver agreement for each CSA calculated on the sagittal MR image.
For the inner ear clinical MR imaging study, we calculated the mean LD, SD, and CSA of the 2 observers for each nerve. We used the Pearson's correlation coe‹cient to evaluate interobserver agreements of LD, SD, and CSA on both CN and FN and 2-way analysis of variance (ANOVA) to assess the correlation between sex and nerve diameter with sex as theˆxed factor and observers as the random factor. We also used Pearson's correlation coe‹cient to evaluate the correlation between age and nerve diameter.
We applied Welch's t-test to compare the mean nerve diameters in the present study with those in the previous studies evaluating the normative diameters of the CN using 3D-CISS 11 and the CN and FN using 3-dimensional driven equilibrium (3D-DRIVE) at 3T. 12 Pº0.05 was considered statistically signiˆcant.
Results
In the phantom experiment, there were good correlations between the CSA calculated from the actual mean diameter and that calculated on the reconstructed sagittal MR images by both observers (r on Observer A, 0.974, Pº0.001, Fig. 3A ; r on Observer B, 0.987, Pº0.001, Fig. 3B ). Interobserver correlation was also good for each CSA calculated on the reconstructed sagittal image (r＝ 0.967, Pº0.001, Fig. 3C ).
In the 172 ears, measurement was possible by both observers in 157 CNs (91z) and 165 FNs (96 z), but motion artifact or proximity to the IAC wall prevented measurement in 15 CNs (9z) and 7 FNs (4z). Tables 2 and 3 show the measurement values of each observer, the correlation between the 2 observers, and the mean value of the 2 observers. The mean values for the CN were 1.35±0.16 mm (LD), 0.99±0.18 mm (SD), and 1.07±0.30 mm 2 (CSA), and those for the FN were 1.18±0.17 mm (LD), 0.87±0.16 mm (SD), and 0.83±0.27 mm 2 (CSA). Interobserver reliability was good for each measurement value (r＝0.569 to 0.691, Pº0.01). Table 4 shows the correlation between nerve diameter and sex and age. The CSA of the FN was signiˆcantly larger in men (men, 0.88±0.32; women, 0.81±0.29; Pº0.05). Other parameters measured for the 2 nerves tended to be larger in men, but diŠerences were not signiˆcant. There was no correlation between the diameter of the FN or CN with age. Table 5 shows the results of comparisons between the mean diameters of the CN in the present study and in the previous study using 3D-CISS, 11 and Table 6 shows those between the mean diameters of the CN and FN in the present study and in the previous study using 3D-DRIVE at 3T. 12 
Discussion
We present normal diameter values for the CN and FN on 3D-CISS at 3T. Measurements by 2 radiologists showed good interobserver reliability. Moreover, the CSA calculated from the actual mean diameter and that calculated from the reconstructed sagittal MR images on the phantom experiment were highly correlated.
The measurement of CN or FN diameters using 3D-CISS should be possible in many institutions because 3D-CISS is in common use in clinical settings. In addition, because measurements of cranial nerve diameter on non-contrast 3D-CISS requires no gadolinium contrast agent, we could evaluate the CN or FN of patients with history of allergy or impaired renal function without the risk of nephrogenic systemicˆbrosis (NSF). 13 To date, the normative diameters of the CN and FN on 3D-DRIVE based on fast spin-echo sequence at 3T and the CN diameter in normal-hearing ears on 3D-CISS have been reported. 11, 12 However, to the best of our knowledge, the present study is theˆrst to describe the normal diameters of both the CN and FN on 3D-CISS at 3T.
To evaluate the enlargement or atrophy of nerves in speciˆc clinical conditions, comparisons with normal diameters are important. A number of studies have reported facial nerve swelling in pathological conditions or intraoperativeˆndings in patients with facial palsy. 6, 7, [14] [15] [16] [17] [18] Because our study excluded ears with a history of facial palsy, the normal values for FN diameter we present could be used as a reference for examining FN diameter in patients with facial palsy using MR imaging. Another study reported a signiˆcant diŠerence in the CSA of the CN between postlingually deafened and LD, long diameter; SD, short diameter; CSA, cross-sectional area [p (LD/2)(SD/2)]; r, correlation coe‹cient; ** Pº0.01 Table 3 . normal-hearing adults on 3D-CISS. 9 The normal values for the CN we present here could be used as a reference for examinations of CN diameter on 3D-CISS.
Although there were no signiˆcant diŠerences in nerve diameters between men and women, except for the CSA of the FN, the diameters of both nerves tended to be larger in men. In addition, the diameters of the CN and FN did not correlate with age. These results are consistent with a previous 19 in which cochlear height did not change with age and is slightly greater in males than in females. One study reported signiˆcantly smaller FN diameter in subjects younger than 5 years than those older thanˆve, 12 but we could not conˆrm thisˆnding because our study did not include any patient younger than ageˆve. In a previous histopathological study, 5 the maximum diameter of the CN was 1.04±0.11 mm, which is slightly smaller than the mean LD of the CN in the present study (1.35±0.16 mm). This measurement diŠerence may be due to dehydration of the CN in theˆxed sample. We also compared mean diameters in the present study and previous studies, evaluating the normative diameters of the CN using 3D-CISS 11 and the CN and FN using 3D-DRIVE at 3T. 12 We found no statistical diŠerence between the diameters of the present study and the previous study using 3D-CISS, 11 although measurement locations were not necessarily identical (Table  5) . On the other hand, diameters diŠered significantly between the present study and the previous study using 3D-DRIVE, 12 except for the CSA of the FN (Table 6 ). These measurement diŠer-ences may be due to the diŠerence in scanning sequence.
A limitation of our study is that we measured diameters using parasagittal MR imaging magniˆed with bilinear interpolation with eŠective resolution of approximately 0.5×0.4 mm that we reconstructed from 3D-CISS images with resolution of 0.5× 0.5×0.4 mm. We measured the diameters using the full-width at half-maximum (FWHM) method, with the nerve boundary deˆned at the level of 50z intensity between minimum (nerve) and maximum (cerebrospinal ‰uid). The FWHM method is often used to detect the vessel boundary, which provides a robust estimation of the lumen's edge and is less sensitive to noise and adjacent structures than other edge criteria. 20 A previous study reported that the precision error was below 3z and the accuracy error below 10z in measuring the vessel diameter with the FWHM method for resolutions above 2 pixels/diameter using contrast-enhanced timingrobust angiography (CENTRA). 20 Another study reported underestimation of vessel diameter up to 20z in measuring using the FWHM method for resolutions between 1.3 and 3 pixels/diameter and time of ‰ight (TOF). 21 In the present study, the number of pixels per mean nerve diameter ranged from approximately 2 to 3 pixels/diameter. According to previous studies, the measurement precision and accuracy of our study could be good, but further studies are warranted.
The present study is also limited because all our subjects were not normal healthy adults, though included ears had normal hearing and no history of Diameters of Cochlear and Facial Nerves Vol. 12 No. 4, 2013 facial palsy, and there was gender imbalance.
Conclusion
We present normal values for CN and FN diameters on 3D-CISS at 3 tesla. These results warrant further study to clarify the pathophysiological state of the CN or FN using 3D-CISS.
